Thermodynamics around the First-Order Ferromagnetic Phase Transition of
  ${\rm Fe}_2{\rm P}$ Single Crystals by Hudl, M. et al.
Thermodynamics around the First-Order Ferromagnetic Phase Transition
of Fe2P Single Crystals
M. Hudl,1, 2, ∗ D. Campanini,3 L. Caron,4 V. Ho¨glin,5 M. Sahlberg,5 P. Nordblad,6 and A. Rydh3, †
1Department of Materials, ETH Zu¨rich,
Vladimir-Prelog-Weg 4, CH-8093 Zurich, Switzerland
2KTH Royal Institute of Technology, ICT Materials Physics,
Electrum 229, SE-164 40 Kista, Sweden
3Department of Physics, Stockholm University, SE-106 91 Stockholm, Sweden
4Fundamental Aspects of Materials and Energy, Faculty of Applied Sciences,
TU Delft Mekelweg 15, 2629 JB Delft, The Netherlands
5Department of Chemistry - A˚ngstro¨m,
Uppsala University, Box 538, SE-751 21 Uppsala, Sweden
6Department of Engineering Sciences, Uppsala University,
Box 534, SE-751 21 Uppsala, Sweden
(Dated: March 6, 2018)
Abstract
The specific heat and thermodynamics of Fe2P single-crystals around the first order paramagnetic (PM)
to ferromagnetic (FM) phase transition at TC ' 217 K are empirically investigated. The magnitude and
direction of the magnetic field relative to the crystal axes govern the derivedH-T phase diagram. Strikingly
different phase contours are obtained for fields applied parallel and perpendicular to the c-axis of the crystal.
In parallel fields, the FM state is stabilized, while in perpendicular fields, the phase transition is split into
two, with an intermediate FM phase where there is no spontaneous magnetization along the c-axis. The
zero-field transition displays a text-book example of a first order transition with different phase stability
limits on heating and cooling. The results have special significance since Fe2P is the parent material to a
family of compounds with outstanding magnetocaloric properties.
PACS numbers: 65.40.Ba, 75.30.-m, 75.40.Cx, 65.40.G-
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First-order magnetic phase transitions (FOMT) attract attention due to their promising applica-
tions in magnetic shape memory alloys [1, 2], magnetic sensing based on colossal magnetoresis-
tance [3], and magnetic refrigeration [4–8]. The FOMT may be driven by temperature, pressure or
applied magnetic field, and is associated with a sudden change of structure or lattice parameters,
resistivity, and magnetic entropy. Anisotropy and structural distortions play important roles for
the FOMT. Materials with strong magnetic anisotropy, for instance, enable unusual and highly
efficient ways in tuning magnetocaloric effects [9, 10]. Di-iron phosphide, Fe2P, is a hexagonal
transition metal pnictide with strong magneto-crystalline anisotropy that undergoes a first-order
paramagnetic to ferromagnetic phase transition at ∼ 216 K [11–13]. The transition of Fe2P is
magneto-elastic, with a discontinuous iso-structural change of the dimensions of the hexagonal
unit cell [13] at the Curie temperature TC. Below TC the magnetic ordering occurs along the
crystallograhic c-axis direction [12]. The thermodynamics at the phase transition is of particular
interest since Fe2P is the parent compound for an entire class of tunable first-order magnetocaloric
materials built on rare-earth-free constituents [14].
The anisotropic magnetic and magnetocaloric properties of Fe2P were recently studied by
Caron et al. [15]. Specific heat for polycrystalline Fe2P in zero magnetic field has been stud-
ied earlier [16]. A deeper thermodynamic understanding of the FOMT is, however, lacking. In
this work we report high-resolution nanocalorimetric specific heat measurements of high-quality
Fe2P single crystals in applied magnetic fields both parallel and perpendicular to the c-axis. We
furthermore directly probe the latent heat of the FOMT. The results provide new insights into the
H-T phase diagram of Fe2P in the region around the magnetic phase transition, illuminating the
behavior of first-order systems with strong magnetic anisotropy and present a textbook example
of diverging specific heat around first order transitions in general.
High-quality single crystals of Fe2P were grown in a tin melt [17, 18]. Single crystal x-ray
diffraction intensities in the ferromagnetic phase at 100 K were recorded on a Bruker diffractome-
ter. The composition was refined to be Fe1.995(2)P, where only the Fe(2) site is fully occupied.
Magnetization measurements were performed using a Quantum Design MPMS XL SQUID and
PPMS 9 T VSM. Specific heat measurements were performed using a differential membrane-
based nanocalorimeter applying an AC-method with phase stabilized frequency feedback [19].
The device allows measurements of µg size samples with both high resolution (∆C/C ≤ 10−4)
and good absolute accuracy. Latent heat was measured with the same nanocalorimeter operating
in a differential scanning mode. The single-crystal sample used for the specific heat measurements
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FIG. 1. Temperature dependence of the specific heat of an Fe2P crystal. (a) Specific heat in zero field. The
inset shows the sample mounted on the nanocalorimeter membrane cell. (b) Specific heat with magnetic
field along the c-axis (0, 0.1, 0.25, 0.5, 1 and 2 T). (c) Specific heat with field perpendicular to the c-axis (0,
0.5, 0.75, 1, 1.5 and 2 T). The inset shows the magnetic contribution Cm at high fields (1, 1.5, and 2 T).
was pillar shaped (length 189± 9 µm) with hexagonal basal plane (edges 31.9± 4.3 µm).
The temperature dependence of the zero-field specific heat Cp is shown in Fig. 1(a). Specific
heat values obtained by Beckman et al. [16] at 150 K were used as a scale reference. The obtained
sample mass agrees with the estimate from microscopy within uncertainties. The general temper-
ature dependence and low-temperature behavior of the specific heat is in good agreement with the
results in literature [16]. The specific heat associated with the FOMT appears as a sharp peak at
the ferromagnetic-to-paramagnetic transition with TC ' 217 K. The magnetic field dependence of
the specific heat in the vicinity of the phase transition is shown in Fig. 1(b,c). For fields H ‖ c,
the transition is broadened and shifted to higher temperatures. When H ⊥ c, the location of the
transition first appears nearly unchanged for fields below 0.5 T but is then split into two at higher
fields, see Fig. 1(c). The lower transition shifts down in temperature while the upper shifts to
higher temperatures with increasing applied field, as is evident from the inset of Fig. 1(c), show-
ing the magnetic contribution Cm = Ctot − Cbg for high fields. The background specific heat Cbg
is determined as an interpolation of the lowest specific heat for any field or field direction.
To investigate the character and latent heat of the FOMT, the specific heat in zero field was
measured with a small temperature oscillation amplitude Tac < 160 mK on very slow heating and
cooling. As seen in Fig. 2(a), there is a clear hysteresis between heating and cooling, indicating
a first order transition [20, 21]. By using the ac method with a small temperature oscillation am-
plitude on a small single crystal, the true specific heat is measured, without admixture of latent
heat in the signal. At the supercooling and superheating stability limits T0 and T1 the system
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undergoes an instantaneous transition between the involved states. To quantify the latent heat of
the transition, the calorimeter was turned into differential scanning mode, where the temperature
difference between sample and reference calorimetric cells were measured at high speed during a
slow base temperature scan. The latent heat at the transition gives rise to a sudden adiabatic tem-
perature change ∆T of the sample and a subsequent temperature relaxation, as shown in Fig. 2(b).
We find that the temperature increases by ∆T = 372 mK when going from high to low tem-
perature in zero applied field, corresponding to a latent heat of L = 26.4 J/mol or an entropy
change ∆SL = L/TC = 122 mJ/mol K ≈ 0.015 R. In magnetic fields H ⊥ c the latent heat
first decreases and finally vanishes for H slightly higher than 0.5 T. At 0.5 T, the latent heat is
about 15% of that in zero field. Magnetic fields H ‖ c, on the other hand, quickly suppress the
first order character already below 0.1 T. As seen in Fig. 2(a), there is a divergent behavior of
the zero-field specific heat on approaching the FOMT. However, this divergence does not occur
around the equilibrium temperature TC, but at the stability limits T0 and T1. This is expected for
a first order transition [20]. The temperature dependence of Cm is well described by a power law
of the type Cm = (Γ±/n) · |ε|−n [22, 23], where ε = 1 − T/Ti, n is an exponent, i = 0, 1, and
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FIG. 2. (a) Specific heat of an Fe2P single-crystal around the zero-field transition. The paramagnetic state
supercools to a temperature T0 while the ferromagnetic state superheats to T1. The specific heat diverges at
these corresponding temperatures rather than at TC, following C = C0 +C1 ·T +Cm as shown by the solid
curves. (b) Differential temperature ∆T = Tsample−Tref as a function of reference temperature on cooling
in zero field. A sudden temperature change of the sample is seen when the latent heat is released during the
transition. (c) Persistent thermometer resistance change of the calorimeter due to the thermal expansion at
the magnetoelastic transition of the sample for fields H ⊥ c.
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Γ± are fitting parameters for ε > 0 (+) using T0 = 216.64 K and ε < 0 (-) using T1 = 217.52 K,
respectively. From fitting, using data in the reduced temperature range 5 × 10−4 < ε < 10−2, we
find n = −0.006 ± 0.01 and a ratio Γ+/Γ− = 1.006 ± 0.01 (not to be confused with the critical
values of second order phase transitions).
When decreasing the temperature across the transition in zero magnetic field, the c-axis un-
dergoes a sudden contraction by 0.084% while the in-plane lattice parameter expands by 0.074%
[12]. These thermal expansions can be sensed by the thin-film thermometer of the calorimeter,
acting as a thermal expansion gauge. While this method does not give absolute values of volume
changes, it provides a good account for the location and character of the iso-structural transition.
Figure 2(c) shows the signal from thermal expansion during cooling in magnetic fields H ⊥ c.
As seen in the figure, the magnitude of the structural transition is suppressed by the magnetic field,
and the transition is broadened and shifted towards lower temperatures. The structural change in
a field of 0.5 T still amounts to more than 60% of that in zero field, while the latent heat has been
significantly decreased. From this, we conclude that the latent heat associated with the structural
transition itself is at most a minor part (. 10%) of the total latent heat.
To understand the nature of the observed transitions, the specific heat measurements were com-
plemented with magnetization measurements. The field dependence of the magnetization is shown
in Fig. 3(a) for H ‖ c (solid curves) and H ⊥ c (dashed curves), and the corresponding temper-
ature dependence is shown in Fig. 3(b). The results agree well with Ref. [15]. As seen from
Fig. 3, the system orders spontaneously along the c-axis below the Curie temperature TC = 217 K.
The sharp increase of magnetization at TC is accompanied by thermal hysteresis (. 1 K), indi-
cating first-order character of the phase transition. With increasing fields along the c-axis, the
transition temperature to the ferromagnetic state is quickly shifting to higher temperatures. How-
ever, for H ⊥ c the magnetization suddenly starts to decrease below TC, creating a cusp-shaped
magnetization curve. Comparable magnetic behavior are seen, e.g., for the para-to-ferromagnetic
transitions in MnP [9] and DyAl2 [24–26]. This behavior can be understood by considering the
magneto-crystalline anisotropy. At low fields along the c-axis, the system orders spontaneously at
TC. A perpendicular applied field (H ⊥ c) tilts the magnetization vector away from the c-axis.
When the field reaches the anisotropy field, the c-axis component goes to zero. At constant field
the magnetization M⊥ c is suppressed below a certain temperature (and exhibits a cusp) due to an
increasing magneto-crystalline anisotropy with decreasing temperature and the onset of magnetic
ordering along the c-axis.
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FIG. 3. Magnetization along the applied field of an Fe2P crystal. (a) Magnetization as function of field
applied along the c-axis (solid curves) and perpendicular to the c-axis (dashed curves) for three different
temperatures; 188 K, 216 K ≈ TC and 276 K. (b) Temperature dependence of the magnetization for fields
along (filled symbols) and perpendicular to (open symbols) the c-axis (◦ = 0.01 T,  = 0.1 T, and B = 1 T).
The inset shows the low-field curves for H ⊥ c. TC(0 T) is indicated by vertical dashed lines.
The effects of the applied magnetic fields are well illustrated through the magnetic entropy. The
magnetic entropy Sm can be obtained from the specific heat measurements of Fig. 1 as the integral
of Cm/T over temperature. Putting Sm(300 K) = 0 as a reference point, the thus obtained curves
for H = 0 and H = 1 T applied along and perpendicular to the c-axis are shown in Fig. 4(a). In
zero field (black curve), the entropy increase ∆SL due to the latent heat is added as a step function
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FIG. 4. (a) Magnetic entropy Sm around TC calculated from specific heat data in 0 T (black curve) and 1 T
with field applied along (blue curve) and perpendicular to the c-axis (red curve). (b) The magnetic entropy
change ∆Sm = Sm(H) − Sm(0) obtained from specific heat (solid curves) and magnetic measurements
(symbols), with field applied along (blue) and perpendicular to the c-axis (red).
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at TC. It is seen that the magnetic entropy for H ‖ c (blue curve) is lower than that of zero field,
both above and below TC. For H ⊥ c (hard axis) the entropy is higher than for H ‖ c at all
temperatures.
Interestingly, Sm(1 T) is crossing Sm(0 T) at TC, making the low-temperature entropy forH ⊥
c higher than that of zero field (Fig. 4(a)). This effect is clearly seen in Fig. 4(b), showing the
magnetic entropy change ∆Sm = Sm(1 T) − Sm(0 T). The magnetic entropy change ∆Sm due
to a magnetization process can be calculated from magnetization data (Fig. 3) using Maxwell
relations (∆Sm(T,H) = µ0
∫ H
0
(dM(T,H)/dT ) · dH) [4]. The thus derived ∆Sm are shown
as open symbols in Fig. 4(b). The general behaviors of ∆Sm obtained from specific heat and
magnetization are in good agreement, with the results from magnetic measurements giving a value
∼10% higher at the position of the zero field transition.
For H ‖ c, a strong magnetocaloric effect (entropy is decreasing with increasing field) is seen
as a dip in ∆Sm. However, for H ⊥ c, a positive ∆Sm is found below TC, corresponding to an
inverse magnetocaloric effect. This positive magnetic entropy change reflects an increased disor-
der of the spin system in the temperature range where the applied magnetic field and the effective
magneto-crystalline anisotropy are of equal strength (near the cusps in M vs. T ). Increased disor-
der of the spin system should be reflected in a decreased total magnetization with increasing field
in this area. This is indeed seen from measurements of the total magnetization [15].
The derived H − T magnetic phase diagram for Fe2P is shown in Fig. 5. At low fields H ‖ c
(upper panel), TC is shifted to higher temperatures, forming a line of first order phase transitions
that ends at a critical point µ0H‖,cr < 0.1 T. Above the critical point, the continuation of the
phase transition is determined from the maximum in specific heat at different applied fields (filled
symbols in Fig. 5) and the maximum of dM/dT at constant field (open symbols), agreeing well
with each other. For the case of H ⊥ c, lower panel of Fig. 5, the first order transition extends up
to a critical or possibly tricritical point µ0H⊥,cr ≈ 0.5 T. For fields above H⊥,cr two characteristic
temperatures are observed in the magnetization and specific heat, indicated by T ?C (increasing with
increasing magnetic field) and Tλ (decreasing with increasing field) in Fig. 5. The minimum in
dM/dT closely coincides with T ?C as obtained from specific heat. The lower characteristic tem-
perature corresponding to Tλ is taken as the maximum in dM/dT below the peak in magnetization
(see Fig. 3), which decreases with increasing field and roughly coincides with the Tλ found from
specific heat, as seen in the lower panel of Fig. 5.
The magnetic entropy change ∆SL at the first-order part of the transition line T ?C(H) is related
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to the jump in magnetization ∆M and slope of the phase boundary through the magnetic analogue
of the Clausius-Clapeyron equation: dT ?C/d(µ0H) = −∆M/∆SL. With ∆M from Fig. 3 and
∆SL from the latent heat measurements, we calculate the initial slope of the phase transition line
to be 59 K/T. From the data shown in Fig. 5 we find dT ?C/d(µ0H) = 38 K/T for fields ≤ 0.1 T
along the c-axis. For H ⊥ c, on the other hand, there is no magnetization jump along the applied
field at T ?C. Thus, T
?
C is independent of H for this field direction, up to the critical point µ0H⊥,cr
where ∆SL goes to zero.
To interpret the full phase diagram, first note that the zero-field transition is a combined elastic
and magnetic transition from a paramagnetic (PM) phase into a ferromagnetic phase ordered along
the c-axis (FMc). For H ‖ c (Fig. 5), it is clear that magnetic fields applied in this direction
stabilize the FMc phase. For H ⊥ c at low fields (H < H⊥,cr), the location of the PM-to-
FMc phase boundary is unaffected by the applied field, similarly indicating that its spontaneous
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FIG. 5. Magnetic phase diagram for Fe2P obtained from specific heat (filled symbols) and magnetization
measurements (open symbols), complemented with published results [15]. The upper panel shows the phase
diagram for magnetic field applied along the c-axis, while the lower panel shows the case for H ⊥ c (with
reversed ordinate). The direction of Ms, is indicated for each ferromagnetic phase. The transition is first
order for fields below the directional-dependent critical point, marked CP.
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magnetization direction is perpendicular to the field in this case. However, at higher fields a
new phase appears between Tλ and T ?C, indicated as FM⊥. This phase represents a state without
spontaneous magnetization Ms along the c-axis, but with ferromagnetic order stabilized by the
applied field. At the transition line Tλ the nature of the anisotropy changes from a pure uniaxial
character with linear increase of the magnetization with increasing perpendicular fields into a
regime with higher order anisotropy terms. This can be seen from the M vs. H curves in Fig. 3(a)
where an increase of the field causes further alignment of the magnetization along the applied field.
Such a behavior is different from the reordering transition discussed in literature [9, 27], where
the spin reordering has a first-order nature. The elastic transition is closely following the onset of
magnetic ordering along the c-axis, i.e., along T ?C for H ‖ c and Tλ for H ⊥ c. Since the elastic
transition does not bring much latent heat, it is likely that it is driven by the FMc ordering.
In conclusion, we have found that the low-field FOMT of Fe2P ends at a critical point gov-
erned by strong magneto-crystalline anisotropy. For fields applied perpendicular to the c-axis, the
low-temperature ferromagnetic state displays increasing magnetic entropy with increasing field,
corresponding to a negative magnetocaloric effect. At higher temperatures and fields a new phase
FM⊥ appears, where the c-axis anisotropy becomes ineffective. This implies an orientational order
(along the c-axis) to disorder transition at the Tλ phase line. The structural (elastic) transition is
found to be linked to this c-axis ordering and exhibits associated latent heat at low fields . 10%
of the total latent heat.
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